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Membrane solubilizationA sphingomyelin chimera in which the amide-linked acyl chain was replaced with cholesterol carbamate was
prepared and its properties examined. The sphingomyelin/cholesterol chimera (N-cholesterol-D-erythro-
sphingomyelin) was able to form unilamellar vesicles of deﬁned size when extruded through 200 nm pore size
membranes. These N-cholesteryl sphingomyelin bilayers were resistant to solubilization by Triton X-100. When
N-cholesteryl sphingomyelin was added to N-palmitoyl sphingomyelin (N-palmitoyl-D-erythro-sphingomyelin)
bilayers, it increased acyl chain order asdeterminedby1,6-diphenyl-1,3,5-hexatrieneﬂuorescence anisotropy.N-
cholesteryl sphingomyelinwas, however, not as good an inducer ofmembrane order compared to cholesterol on
a molar basis. Differential scanning calorimetry studies further showed that the miscibility of N-cholesteryl
sphingomyelinwithN-palmitoyl-D-erythro-sphingomyelin bilayerswas non-ideal, and theeffect ofN-cholesteryl
sphingomyelinon theN-palmitoyl-D-erythro-sphingomyelingel–ﬂuid transition enthalpy differed fromthat seen
with cholesterol. TogetherwithN-palmitoyl-D-erythro-sphingomyelin, theN-cholesteryl sphingomyelin chimera
was able to form sterol-enriched ordered domains in a ﬂuid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
bilayer.N-cholesteryl sphingomyelin in the absence ofN-palmitoyl-D-erythro-sphingomyelinwas unable to form
such sterol-enriched ordered domains in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine bilayer. However,
N-cholesteryl sphingomyelin markedly increased the afﬁnity of cholestatrienol for N-cholesteryl sphingomyelin
containing 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine bilayers, suggesting that N-cholesteryl
sphingomyelin was able to somehow stabilize sterol interaction in ﬂuid bilayers. Based on our results, we
conclude that N-cholesteryl sphingomyelin behaved more like a cholesterol than a sphingolipid in ﬂuid
bilayer membranes. Because N-cholesteryl sphingomyelin increased bilayer order, conferred resistance
against detergent solubilization, and is not degradable by phospholipases A2, it could constitute a good
lipocomplex matrix for drug delivery vehicles.l)-sn-glycero-3-phosphocholine;
,3,5-hexatriene; DSC, differential
palmitoyl-2-oleoyl-sn-glycero-3-
lin; SM, sphingomyelin; SM-C,
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There is great interest in the physical properties of sphingolipids in
general and of sphingomyelin (SM) in particular. This relates to their
importance for the lateral structure of biological membranes [1]. One
important feature of sphingolipids is their greater capacity to form
hydrogen bonds with other lipids in the bilayer [2,3]. SMs are enriched
in the plasmamembranes of cells [4], and the most commonmolecular
species have sphingosine (18:1Δ4t) as their long-chain base, withpalmitoyl, stearoyl, or nervonyl fatty acids linked to the amide-function
[5,6]. The phosphocholine head group is a shared feature between SMs
and phosphatidylcholines (PCs).
Cholesterol is also enriched in plasma membranes, and some of its
functions in membranes relate to the modulation of phospholipid acyl
chain ﬂuidity [7,8], to the condensation of phospholipid lateral
packing (thus affecting membrane permeability of small solutes)
[9–14] and to the modulation of membrane protein function [15].
Studies show that cholesterol prefers to interact with SMs in cell
membranes [16,17]. Model membrane studies show that cholesterol
has an increased afﬁnity for bilayer membranes containing SMs as
compared to bilayers comprising acyl chain matched glyceropho-
spholipids [18–20]. This increased afﬁnity of sterols for SM containing
membranes relates in part to the more ordered nature of SM species.
In addition, hydrogen bonding may contribute to the stabilization of
sterol/SM association [21]. In a complex bilayer with both ordered and
disordered lipids present, sterols appear to favor interactions with
ordered lipids and interact less favorably with disordered lipids. In
biological membranes, SMs are often the most ordered lipids present.
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glycerophospholipids or SMs in model membrane systems has been
predicted and indeed observed to results in the formation of a liquid-
ordered phase [22–24], with properties intermediate between fully
disordered liquid-crystalline phases and solid like gel-phases. Although
biologicalmembranes are laterally heterogeneous, it is believed that the
bulk lipids of plasmamembranes have properties that resemble liquid-
ordered phases [22,25]. Cholesterol and SMs are believed to be major
contributors to the formation of the liquid-ordered phase of cell
membranes, and a clearer understanding of how cholesterol interacts
with phospholipids in general andwith SMs in particular helps us better
understand the properties of cholesterol-enriched liquid-ordered
phases.
Recently, Huang and Szoka [26] prepared a series of cholesterol-
modiﬁed phospholipids in which a cholesterol analog was covalently
linked to either the sn-1 or sn-2 position of lyso PC. The cholesterol/
phospholipid chimeras were able to form bilayer membranes. In
binary bilayer membranes, the chimeras eliminated the gel/liquid-
crystalline phase transition enthalpy of distearoyl PC in a concentra-
tion-dependent manner. The Tm of the phase transition was also
reduced in the presence of cholesterol/phospholipid chimeras,
suggesting that the chimera had cholesterol-like properties in the
bilayer. Liposomes prepared from cholesterol/phospholipid chimeras
were also much less permeable to calcein leakage compared to those
prepared from saturated PCs and cholesterol [26]. The authors did not
speciﬁcally study whether the cholesterol/PC chimers were able to
form liquid-ordered phases in bilayer membranes.
Liposome-encapsulated drug formulations have successfully been
developed during the last few decades [27–29]. Sphingomyelin/
cholesterol liposomes were early recognized to have superior
properties as drug carriers when compared to glycerophospholipid-
based formulations. Vincristine/SM/cholesterol liposomes have sig-
niﬁcantly enhanced stability and prolonged circulation half-time as
compared to DSPC/cholesterol-based formulations [30]. Treatment of
mice with vincristine/SM/cholesterol liposomal formulations resulted
in greater than 50% cures in mice bearing ascitic P388 tumors, an
activity not achieved using vincristine/DSPC/cholesterol formulations
[30]. Vinorelbine, a semi-synthetic vinca-alkaloid, has also success-
fully been incorporated into SM/cholesterol liposomes with proper-
ties of high stability, high drug load capacity, and low drug leakage
[31].
In the present study, we have prepared an SM/cholesterol chimera
(SM-C) for potential use in drug delivery liposomes. This sphingolipid
has cholesterol covalently linked to the amide of sphingosylpho-
sphorylcholine. We wanted to examine biophysically how similar (or
different) SM-C is from SM and cholesterol which associate non-
covalently and which have been shown to be a good matrix for drug
delivery liposomes. The domain-forming properties of SM-C in
complex ﬂuid bilayer membranes were also addressed.
2. Materials and methods
2.1. Materials
High purity POPC and egg SM (99%+) was purchased from Avanti
Polar Lipids (Alabaster, AL) and used without further puriﬁcation. PSM
was isolated to99%purity fromegg SMasdescribed [32]. Stock solutions
of lipids were prepared in hexane/2-propanol (3/2, by vol) with the
exception of SM-C that was prepared in methanol/hexane (9/1, by vol).
All phospholipid solutions were taken to ambient temperature before
use. The concentration of all phospholipid solutions was determined by
phosphate assay [33] subsequent to total digestion by perchloric acid.
Stock solutions of the phospholipids were stored in the dark at−20 °C.
Cholesterol (99% pure), Triton X-100 and methyl-β-cyclodextrin
were from Sigma Chemicals (St. Louis, MO). (7-Doxyl)-stearic acid
was obtained from TCI (TCI Europe N.V., Belgium) and was used forthe synthesis of 1-palmitoyl-2-stearoyl-(7-doxyl)-sn-glycero-3-phospho-
choline (7SLPC) [32]. Cholestatrienol (CTL) was synthesized and puriﬁed
as described [34,35]. 1, 6-Diphenyl-1, 3, 5-hexatriene (DPH) was
purchased from Molecular Probes (Leiden, the Netherlands). c-Laurdan
waskindlyprovidedbyProfessorBongRaeCho(DepartmentofChemistry
andCenter for Electro- andPhoto-ResponsiveMolecules, KoreaUniversity
1-Anamdong, Seoul, 136-701 Korea) and synthesized as described
elsewhere [36]. Probes were stored under argon in the dark at −87 °C
until dissolved in argon-purged ethanol (for CTL) or methanol (for DPH,
c-laurdan). The concentration of stock solutions of CTL and DPH was
determined spectrophotometrically using their molar absorption coefﬁ-
cients (ε) values: 11,250 M−1cm−1 at 324 nm for CTL, 88,000M−1cm−1
at 350 nm for DPH, and 20,000 M−1cm−1 at 365 nm for c-laurdan. Stock
solutions of ﬂuorescent reporter molecules were stored in the dark at
−20 °C and used within a week. Water was puriﬁed by reverse osmosis
followedbypassage throughaMilliporeUFPluswaterpuriﬁcation system
having ﬁnal resistivity of 18.2 MΩcm. The phosphate buffered saline
(50 mM, pH 7.4 with 140 mMNaCl, PBS) was used as an aqueous solvent
in detergent solubilization assay.MQ-waterwas used as aqueous phase in
all other experiments. All other inorganic and organic chemicals used
were of the highest purity available. The solvents used were of
spectroscopic grade.
2.2. Synthesis of SM-C
SM-C (1) was synthesized from N-t-butoxycarbonyl-O-t-butyldi-
methylsilylsphingosine (2), which was efﬁciently prepared starting
from L-serine in six steps using the oleﬁn cross-metathesis procedure
reported previously [37]. Transformation of 2 into 1 was accom-
plished by the following sequences: After the secondary hydroxyl
group of 2 was protected by an ethoxyethyl (EE) group, the t-
butyldimethylsilyl (TBS) group of 2 was removed to give 3 in 94%
yield for two steps. The reaction of the obtained 3 with 2-bromoethyl
dimethylphosphite (6) successfully proceeded to afford 4 in 96% yield.
After the EE and then Boc groups of 4 were removed by a sequential
treatment with 2N HCl in methanol and then TFA in dichloromethane,
the resulting primary amine was acylated by a treatment with
cholesterol chloroformate (ChoCOCl). The reaction proceeded
smoothly to produce the expected N-acylcholesterol derivative 4 in
75% yield for three steps. Finally, treatment of the obtained 5 with
trimethylamine in methanol successfully produced the required SM-C
1 in 42% yield. Thus, the synthesis of SM-C was achieved starting from
L-serine in thirteen steps. Details of the synthetic procedures and
product identiﬁcation are described in the Supplementary data.
2.3. Preparation of vesicles
Lipid vesicles used in the study were prepared to a lipid
concentration of 1.40 mM (for DSC studies), 50 μM (for ﬂuorimetric
studies), or 0.25 mM (for detergent solubilization assay). The required
amounts of the lipids and probes were mixed and the solvents were
evaporated under a constant ﬂow of N2 at 37 °C. When preparing
liposomes with mixed lipid compositions, the lipids were redissolved
in chloroform to assure a homogeneous mixing of the lipids. Once the
lipids were thoroughly mixed, the solvent was redried to yield a lipid
ﬁlm. After further drying under high vacuum for at least 1 hour at
room temperature, the lipid mixtures were hydrated by adding MQ-
water. The temperature of the MQ-water was kept above the gel/
liquid-crystalline phase transition temperature of the lipid with the
highest melting temperature before addition to the dry lipid ﬁlm. The
lipid suspension was maintained above Tm during the hydration
period of 20 min. Samples were then vortexed to disperse the lipids in
the MQ-water. Vesicles for DSC studies were prepared by probe
sonication (sonicated for 2 min 10% duty cycle 5 W power output)
and for ﬂuorescence measurements (sonicated for 2 min with 25%
duty cycle and 10 W power output) using a Branson probe soniﬁer
Fig. 1. Steady-state DPH anisotropy in multilamellar vesicles as a function of
temperature. Vesicles were prepared from SM-C or from PSM with increasing amounts
of SM-C present (0–30 mol%). The ﬁnal lipid concentration was 50 μM with 1 mol%
DPH. Temperature was ramped at a rate of 2 °C/min. The curves are representative of
several reproducible runs.
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multilamellar vesicles.
2.4. Determination of steady-state DPH anisotropy
The steady-state ﬂuorescence anisotropy of DPHwas measured on
a PTI Quanta-Master spectroﬂuorimeter (Photon Technology Interna-
tional, Lawrenceville, NJ) operating in the T-format, essentially
following the procedure described in [38]. Brieﬂy, the compositions
of the vesicles studied were PSM and a varying concentration of both
SM-C and cholesterol (10, 20, 30 mol%) using 1 mol% DPH. The wave
lengths of excitation and emission were 360 nm and 430 nm,
respectively. The steady-state anisotropy was calculated as described
in [39].
2.5. Differential scanning calorimetry
Differential scanning calorimetry (DSC) measurements were
performed on a Calorimetry Sciences Corporation Nano II DSC
(Provo, UT). The software used for data analysis was CpCalc (CSC,
Provo, UT) and Origin 7 (Microcal, Northampton, MA). The lipid com-
positions studied were pure PSM and PSMwith 10, 20, and 30 mol% of
cholesterol or SM-C. At least two consecutive heating and cooling
scans from 10 to 70 °C were performed with a scan rate of 1 °C/min.
We observed the repeated heating (and cooling) thermograms to be
essentially identical in shape. Thermograms shown in the ﬁgures are
second heating scans.
2.6. c-Laurdan emission spectra
The multilamellar bilayer vesicles were prepared as described
above with 1 mol% of c-laurdan. c-Laurdan was excited at 385 nm and
the emission spectra were detected at 5 °C below and above the
melting temperature of PSM between 400 and 590 nm on a PTI
Quanta-Master-3 spectroﬂuorimeter working in the T-format. The
emission and excitations slits were set to 5 nm and the temperature
was controlled by a Peltier element with a temperature probe
submerged in the samples. The temperature resolution of the
temperature probe was ±0.1 °C. The samples were constantly stirred
during measurement.
2.7. Fluorescence quenching measurements
In order to follow the formation and melting of ordered domains,
the steady-state quenching of CTL or DPH by the quencher 7SLPC was
measured on a PTI Quanta-Master spectroﬂuorimeter. The excitation
and the emission slits were set to 5 nm and the temperature was
controlled by a Peltier element with a temperature probe immersed in
the sample solution. The samples were heated from 5 to 70 °C at a rate
of 5 °C/min. The measurements were made in quartz cuvettes with a
light path length of 1 cm and the sample solutions were kept at a
constant stirring (350 rpm/min) throughout the measurement.
Fluorescence intensity of CTL was detected with excitation and
emissionwavelengths at 324 and 374 nm, and DPHwas detected with
excitation and emission wavelengths at 360 and 430 nm, respectively.
The ﬂuorescent probes were protected from light during all the steps
of experiments. Fluorescence emission intensity was measured in the
F-sample (quenched) that contained 30 mol% 7SLPC and in the F0-
sample (not quenched) where 7SLPC was substituted for POPC. The
SM-C containing samples were compared with a reference lipid
formulation composed of POPC:PSM:cholesterol (60:30:10). Samples
were prepared by substituting PSM with SM-C or substituting
cholesterol with SM-C at the indicated concentrations. The ﬂuores-
cence intensity in the F-sample was divided by the ﬂuorescence
intensity of the F0-sample giving the fraction of non-quenched CTLﬂuorescence plotted versus the temperature. CTL replaced 1 mol% of
cholesterol and 1 mol% of DPH was added to the lipid solution.
2.8. CTL partitioning assay
The distribution of CTL between methyl-β-cyclodextrin and
extruded large unilamellar phospholipid vesicles was determined as
described in reference 20. The assay yields themolar fraction partition
coefﬁcient, Kx, for CTL. A high Kx indicates a higher afﬁnity of CTL for
the bilayer as compared to methyl-β-cyclodextrin.
2.9. Detergent solubilization assay
Light scattering was used to determine the detergent/lipid ratio at
which the PSM or SM-C-containing bilayers became solubilized to
mixed micelles. These experiments were carried out by injecting 5 μl
aliquots of 5 mM Triton X-100 into 0.25 mM vesicle solutions at 25 °C.
The light scattering was measured with both excitation and emission
monochromators set to 300 nm. The degree of solubilization was
assessed from the changes in light scattering.
3. Results
3.1. Effects of SM-C on PSM acyl chain order
SM-C, like the cholesterol/PC chimera [40], formed stable bilayer
membranes. This conclusion is based on the ﬁnding that extrusion at
65 °C of fully hydrated SM-C through 200 nm ﬁlters yielded
aggregates that were about 220 nm in mean diameter (data not
shown) and because SM-C alone was able to form giant unilamellar
vesicles (Björkbom, Kankaanpää and Slotte, unpublished observa-
tion). The anisotropy of DPH indicated that membrane order in SM-C
bilayers was high and decreased monotonously with temperature. No
clearly discernible transition was observed, suggesting that the phase
state of the SM-C vesicles did not change much between 10 and 70 °C
(Fig. 1) and remained highly ordered. With PSM bilayer vesicles, we
wanted to measure the acyl chain ordering effect of the SM-C, by
determining the DPH anisotropy as a temperature function (Fig. 1).
Increasing the SM-C concentration in the PSM bilayers (from 0 to
30 mol%) led to increased acyl chain order in the ﬂuid phase (above
42 °C, Fig. 1). The ordering effect of the SM-C on PSM bilayers was not
as large as that of pure cholesterol at equal concentrations (Fig. 1 and
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SM-C was able to slightly destabilize the gel-phase in PSM vesicle in a
concentration-dependent manner.
When fully hydrated binary bilayer membranes containing PSM
and either SM-C or cholesterol were measured using DSC, we
observed that SM-C and cholesterol affected the PSM gel–ﬂuid
phase transition differently (Fig. 2). With cholesterol at 10 and
20 mol%, we observed two components in the PSM thermogram,
likely representing a PSM-rich component and a cholesterol-rich
component. With 10 or 20 mol% SM-C, the PSM thermogram was
more complex and appeared to have at least three different
components with varying lipid compositions. At 30 mol% cholesterol,
the PSM thermogramwas broad, whereaswith 30% SM-C, it wasmuch
more cooperative. SM-C also affected the PSM transition enthalpy
(7.3 kcal/mol) much less than cholesterol. At 10 and 20 mol% SM-C,A
B
C
D
Fig. 2. Representative DSC heating thermograms of pure PSM bilayers (panel A) or PSM bilay
SM-C, respectively), or cholesterol (panels E–G with 10, 20, and 30 mol% cholesterol, respec
1.42 mM. Thermograms shown are 2nd heating scans and PSM is shown in two panels to aid
panel.the overall transition enthalpy was 8.1 and 5.3 kcal/mol, respectively,
and with 10 and 20 mol% cholesterol, the enthalpy was 5.9 and
2.4 kcal/mol, respectively. The DSC data, together with the DPH
anisotropy data, suggest that while SM-C has cholesterol-like
properties (ordering effect) it still differs from free cholesterol in its
miscibility with, e.g., PSM.
3.2. Interfacial properties of SM-C containing bilayers
To assess how the interfacial properties of bilayers prepared from
PSM were inﬂuenced by SM-C or cholesterol, we measured c-laurdan
emission spectra as a function of SM-C or cholesterol concentration and
temperature. c-Laurdan is a modiﬁed laurdan analog which contains an
additional carboxyl group linked to the amine of laurdan. Because of its
polar nature, the carboxyl group will position itself at the interface andG
F
E
A
ers containing increasing amounts of either SM-C (panels B–D with 10, 20, and 30 mol%
tively). The samples were heated at a rate of 1 °C/min and the lipid concentration was
comparisons. Note that the scale of the molar heat capacity axis is not identical for each
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the emission spectra of c-laurdan are sensitive to changes in interfacial
hydration and lateral packing [42–44], it may reveal changes in
interfacial properties imposed by the lipids in the bilayer membranes.
c-Laurdan emission from PSM bilayers in the gel state was more blue-
shiftedcompared to the situationwithﬂuidPSMbilayers (Fig. 3). Ablue-
shift in laurdan emission often indicates tighter lateral packing and
decreased hydration [43,45]. Addition of cholesterol (10–30 mol%) to
gel-phase PSM further blue-shifted the c-laurdan emission (Fig. 3A).
SM-C at equal concentrations also blue-shifted c-laurdan emission in
gel-phase PSM bilayers, but the effect was smaller. Cholesterol blue-
shifted c-laurdan emission also in ﬂuid PSMbilayers (Fig. 3C), and again
theSM-Ceffectwas similar but attenuated relative to that of cholesterol/
PSM mixtures (Fig. 3D). Cholesterol condenses the lateral packing of
ﬂuid phospholipids and decreases the hydration of the interface both in
ﬂuid and gel state bilayers [8]. These two properties are likely to explain
the blue-shift of laurdan emission in cholesterol-containing bilayers.
The present results agree with previous studies on the effect of bilayer
lipids on laurdan emission properties [38,42,45,46] and suggest that
SM-C has attenuated cholesterol-like properties in bilayer membranes.
3.3. Formation of ordered domains in bilayers containing SM-C
Cholesterol is known to associate with PSM in complex mem-
branes and to form ordered domains even in ﬂuid bilayer systems
[38,47–54]. The formation of sterol-enriched PSM-domains in ﬂuid
bilayers can be detected using CTL as a ﬂuorescent probe for
cholesterol. CTL inclusion in PSM-rich ordered domains decreases its
susceptibility to be quenched by a static quencher present in the ﬂuid
phase. 7SLPC was used in this study as a suitable static quencher of
CTL ﬂuorescence. When the bilayer was composed of a ﬂuid
phospholipid (POPC and 7SLPC), PSM and sterol (60:30:10 by mol),A
C
Fig. 3. c-Laurdan emission spectra frommultilamellar vesicles containing PSM together with
c-laurdan concentration was 1 mol%. Excitation was at 385 nm and emission spectra were
bilayers, and the right panels (B and D), PSM/SM-C bilayers. Gel-phase bilayers (panels A a
(solid is 0% cholesterol; dotted is 10% cholesterol; dashed is 20% cholesterol; and dashed-dCTL was shielded from quenching by 7SLPC (Fig. 4). A ternary phase
diagram of POPC:PSM:cholesterol (60:30:10) at 23 °C indicates that
liquid-disordered (POPC-rich), liquid-ordered (PSM/sterol-rich), and
gel-phases (PSM and sterol) coexist at this temperature [19,55]. The
amount of liquid-ordered domains is, however, small. From the
changes in ﬂuorescence quenching susceptibility of CTL, it was shown
that sterol-enriched domains melted as the temperature was
increased (decreased F/F0 in Fig. 4) and appeared to be completely
melted above 40 °C. According to the POPC:PSM:cholesterol phase
diagram, at 37 °C no gel-phase is present, and only liquid-disordered
(POPC-rich) and liquid-ordered (PSM/sterol-rich) phases coexist
[19,55]. Thus, the CTL quenching reports data about sterol-rich
ordered domains, which are in reasonable agreement with phase
diagram data. The obvious complication is the presence of 7SLPC in
the F-samples, which is not accounted for in the POPC:PSM:
cholesterol phase diagrams. When cholesterol in the ternary bilayer
was replaced with SM-C, CTL quenching reported the presence of
sterol-enriched ordered domains that had similar thermostability to
cholesterol-enriched domains but in which the CTL concentration
appeared to be decreased (smaller delta F/F0 before and after melting,
Fig. 4). If PSM is instead replaced with SM-C in the ternary bilayer, no
clear sterol-enriched ordered domains were observed on the basis of
our CTL quenching measurements (Fig. 4). These results indicate that
SM-C can replace cholesterol and can function in a similar way to
cholesterol by creating ordered domains in PSM containing mixtures,
but SM-C cannot replace PSM and create ordered domains with
cholesterol, according to our CTL quenching measurements (Fig. 4).
3.4. Sterol afﬁnity to bilayers containing SM-C
To study how the presence of PSM or SM-C in ﬂuid POPC bilayers
affected sterol afﬁnity for the bilayer, we examined the equilibriumD
B
either SM-C or cholesterol. The total lipid concentration in the assay was 50 μM and the
recorded between 400 and 600 nm. The left panels (A and C) depicts PSM/cholesterol
nd B) were examined at 36 °C, and ﬂuid bilayers (panels C and D) at 46 °C. The curves
otted is 30% cholesterol) are representative of several reproducible runs.
Fig. 4. Melting of ordered domains containing sterol observed from the quenching of
CTL ﬂuorescence. The melting proﬁle is shown as the F (quenched)/F0 (non-quenched)
ratio plotted versus temperature. The F-sample consisted of POPC and 7SLPC as the ﬂuid
lipid (30 mol% each), whereas the F0-sample had 60 mol% POPC. The ordered lipid was
either PSM or SM-C at 30 mol%. The sterol was either cholesterol or SM-C at 10 mol%.
The composition of each system is indicated in the ﬁgure. The total lipid concentration
was 50 μM and samples were heated at 5 °C/min. The graphs show representative data
from reproducible experiments.
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23 and 37 °C, as described previously [20,56]. CTL at 2 mol% has a
fairly low afﬁnity to POPC bilayers at 37 °C (Kx about 6 mM [41]).
When 20 mol% PSM is included, the Kx increases to about 12 mM [41].
In this study, we determined that the CTL Kx for POPC:PSM 80:20
bilayers at 37 °C is approximately 15 mM (Table 1). Replacement of
some PSM with SM-C (10 mol% each) still gave a high partitioning
coefﬁcient for CTL (about 16 mM, Table 1). The afﬁnity of CTL to a
bilayer with 20 mol% SM-C in a POPC bilayer at 37 °C was even higher,
about 18–19 mM (Table 1). At 23 °C, the absolute Kx values were
higher (around 24–25 mM depending on bilayer composition,
Table 1), reﬂecting the higher degree of acyl chain order at the
lower temperature. These results suggest that CTL has a high afﬁnity
to bilayers containing SM-C, whether or not PSM is present, and that
the afﬁnity is high even at physiological temperature.
3.5. Detergent solubilization studies
Cholesterol is known to increase the resistance of bilayers for
detergent-induced solubilization [57]. Since SM-C appeared to impose
relatively high local order even to ﬂuid bilayers (high Kx of CTL to SM-
C-containing bilayers, Table 1), it was anticipated that SM-C bilayers
or SM-C-containing bilayers will be relatively resistant to detergent-
induced solubilization.We tested this possibility by exposing different
bilayer compositions to increasing amounts of Triton X-100 and
measured bilayer stability (on the basis of changes in light scattering
at 300 nm, Fig. 5). While unilamellar PSM bilayers were fully soluble
at 25 °C in equimolar amounts of Triton X-100, SM-C bilayers were
resistant to Triton X-100 solubilization (up to at least a 2.5 detergent/Table 1
Partitioning of CTL between bilayer membranes and mβCyD. CTL (2 mol%) equilibrium
partitioning at 23 and 37 °C was determined as described underMaterials andmethods.
Values are averages from 3 separate experiments at each conditions±SEM.
Vesicle
composition
(mol%) Kx
23 °C 37 °C
POPC:PSM 80:20 24.7±1.0 15.3±0.3
POPC:PSM:SM-C 80:10:10 25.2±0.5 16.0±1.0
POPC:SM-C 80:20 24.0±0.2 18.7±0.8lipid ratio). PSM bilayers containing 30 mol% cholesterol were also
resistant to Triton X-100 solubilization, agreeing with the known
effect of cholesterol on SM solubilization by detergents [57].
4. Discussion
We have examined the membrane properties of SM-C and
compared them with systems in which PSM and cholesterol (or
CTL) interact non-covalently. Although cholesterol is unable to form
bilayers of its own, SM-C formed bilayers and behaved as a bilayer-
stabilizing compound. In addition to cholesterol, the molecule has a
long-chain base and a large phosphocholine head group. SM with a
long-chain base and an amide-linked acyl chain is cylindrical in cross-
section and thus bilayer preferring. Replacement of the amide-linked
acyl chain with a more bulky cholesterol carbamide did not greatly
change the ratio of hydrophobic volume to interface area, although it
is clear that chain dynamics also were affected, as were hydrogen-
bonding properties. Formation of normal or inverted phases (e.g.,
hexagonal II phases) is known to be dependent on the ratio of surface
area and hydrophobic volume of an amphiphile in the macroscopic
aggregate [58–60]. However, the structure of stable lipid aggregates is
not a simple consequence of the ratio of surface area to hydrophobic
volume but is rather the result of a complex interplay between polar
head group size and dynamics, interfacial electrostatic interactions,
and hydrophobic interactions.
Pure SM-C bilayers are highly ordered in their hydrophobic region,
based on the measured steady-state DPH anisotropy measurements.
High concentrations of SM and cholesterol are known to form liquid-
ordered phases which are ﬂuid but signiﬁcantly more ordered than
the liquid-disordered phases formed by unsaturated phospholipids in
the absence of sterol [61]. Thus, it appears that SM-C formed a liquid-
ordered phase by itself. This observation is consistent with recent
results obtained with chimeras in which cholesterol was covalently
attached to either sn-1 or sn-2 positions of a glycerophospholipid [26].
Sterols are known to disorder gel-phase phospholipids [62–65], to
attenuate the gel/liquid-crystalline phase transition enthalpy [66–70],
to increase acyl chain order in the ﬂuid phase [8,56,71,72], and to
condense the lateral packing of phospholipids in mono- and bilayer
membranes [73–76]. As shown in Fig. 1, SM-C also disordered the gel-
phase packing of PSM, as determined from the lowered DPH
anisotropy at temperatures below the gel–ﬂuid transition. SM-C also
decreased the cooperativity of the PSM gel/liquid-crystalline phase
transition (Figs. 1 and 2) in a concentration-dependent manner.Fig. 5. Solubilization of bilayer membranes with Triton X-100 at 25 °C. Unilamellar
vesicles were prepared by extrusion through 200 nm ﬁlters to a ﬁnal concentration of
0.25 mM. Triton X-100 was added from a 5 mM solution in 5 μl aliquots to the vesicle
solution with constant stirring, and the light scattering from vesicles was followed at
300 nm.
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(Fig. 1), in a qualitatively similar manner as has been report for free
cholesterol. These data suggest that SM-C behaves like a sterol in PSM
bilayers. On a molar basis, SM-C is less able to induce the above effects
in PSM bilayers. This is expected because the long-chain base and the
head group partially determine how closely the sterol part of SM-C
can interact with neighboring molecules and modify the bilayer
properties. It is also clear that cholesterol in the SM-C chimera does
not have the same interfacial functional properties as free cholesterol
does. Based on DSC measurements, the miscibility of SM-C with PSM
is non-ideal and the gel/liquid-crystalline phase transition in the
mixed PSM bilayer appears to involve at least three different
components (each component containing slightly different SM-C/
PSM compositions). It seem likely that the asymmetric nature of the
SM-C produces a range of different interactions with PSM, some
involving the long-chain base and some the sterol moiety. With
cholesterol, this complexity is not apparent from our measurements
(Fig. 2). Although c-laurdan emission does not directly report on
lateral packing (and thus condensation), it does so indirectly through
changes in interfacial hydration [42,43,45,77,78]. Based on this
property of c-laurdan, we conclude that SM-C also condensed the
lateral packing of PSM (Fig. 3) although not as efﬁciently as free
cholesterol.
The association of PSMwith cholesterol in a POPC bilayer is known
to lead to the formation of sterol- and PSM-enriched ordered domains
(within certain composition limits [19,55], Fig. 4). In the present
study, we also compare how SM-Cmimics either cholesterol or PSM in
the formation of such ordered domains. The thermostability of sterol-
and PSM-enriched domains was determined by CTL quenching as a
temperature function. When SM-C replaces cholesterol in a POPC:
PSM:sterol bilayer (60:30:10 mol%), CTL was protected from quench-
ing by 7SLPC to some extent but less than in mixtures containing
cholesterol. CTL experienced no protection against quenching when
PSM was replaced with SM-C (Fig. 4). These observations again
suggest that SM-C behaved more like a sterol than SM. The quenching
curve for the bilayer containing SM-C in place of cholesterol also
suggests that CTL solubility in the ordered domains is less (lower delta
F/F0 before and after melting) relative to bilayers which had ordered
domainsmade up of PSM and cholesterol (higher delta F/F0 before and
after melting). This was expected since CTL/cholesterol interaction is
less favorable than CTL/acyl chain interaction [75]. Even though CTL
does not enjoy much protection against quenching when PSM is
replaced by SM-C (Fig. 4), CTL partitioning data still suggest that
sterols have an increased afﬁnity to bilayers containing SM-C both at
23 and 37 °C (Table 1). It is possible that the presence of SM-C in a
ﬂuid POPC bilayer orders the acyl chains of POPC and possibly creates
ordered clusters of SM-C, both of which could increase the afﬁnity of
CTL for such bilayers. The effect of SM-C on CTL afﬁnity is of similar
order as that seenwith PSM in the POPC bilayer; so in this respect, SM-
C behaves more like an SM than a sterol because cholesterol addition
to a POPC bilayer has only a small effect on CTL partitioning (Nyholm
and Slotte, unpublished data). Since SM-C is as efﬁcient as PSM in
affecting CTL partitioning into POPC bilayers, it is less likely that CTL
only senses an increased ordering of POPC by SM-C. Although sterol–
sterol interactions are not favorable [71,79,80], CTL can still interact
favorably with SM-C clusters since these will also include highly
ordered long-chain bases. Thus, it is possible that CTL can associate
with highly ordered SM-C cluster boundaries (possibly explaining CTL
partitioning). However, such an association will not provide protec-
tion from a quencher in the ﬂuid phase (possibly explaining the CTL
quenching data).
Fully hydrated SM-C is very resistant to solubilization by Triton X-
100 (Fig. 5). Similarly, 30 mol% of cholesterol in a PSM bilayer made
the membrane resistant to solubilization (see also references 81,82).
However, pure PSM bilayers were susceptible to Triton X-100
solubilization (Fig. 5). The effect of cholesterol on phospholipidsolubilization by detergents is well known [82] and is related to the
detergent resistance of liquid-ordered phases [83]. If that assertion is
correct, then the detergent resistance of SM-C bilayers also suggests
that they are in a liquid-ordered state. A PSM bilayer with 30 mol%
cholesterol at 23 °C is known to be mostly in the liquid-ordered state
[19,55] and thus resistant to detergent solubilization (Fig. 5).
To conclude, our results suggest that SM-C behaves more like a
sterol than a phospholipid in bilayer membranes. However, whereas
free cholesterol forms crystals in aqueous solution, pure SM-C
appeared to form bilayers. Bilayers containing SM-C are highly
ordered but ﬂuid and resistant to destabilization by other amphiphilic
compounds. Such properties should be of value when formulating
drug delivery carriers for use in vivo since drugs encapsulated in SM/
cholesterol liposomes have increased drug retention times and higher
therapeutic concentrations [30]. The advantage of SM-C over SM/
cholesterol from a drug formulation perspective is the fact that free
cholesterol is exchangeable, whereas cholesterol in SM-C is not.
Therefore, the quality of the liquid-ordered phase in SM-C prepara-
tions is not likely to change over time in the circulation since
cholesterol is non-exchangeable but also because SM-C cannot be
degraded by phospholipases A1 or A2. Although similar properties
have been described for the cholesterol–PC chimeras [26], it is unclear
whether cholesterol–PC chimeras are efﬁcient substrates for phos-
pholipase A2s.
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